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INTRODUCTION 
Carotenoids are found universally in photosynthetic autotrophs and may 
also occur in non-photosynthetic tissues. Yet their exact role in 
biological systems has remained a question. A variety of suggestions 
have been made relative to their possible functions but none of these has 
been of sufficient magnitude to satisfy investigators that the prime 
function of the carotenoids is thoroughly understood. 
Recently, several workers have presented evidence "which indicates 
the carotenoids may function in photosynthetic systems as a "sink" for 
the energy of chlorophyll after excitation if the energy of photo-
excitation is not readily dissipated in the normal manner. If carotenoids 
are absent, chlorophyll may oxidize itself. 
The study described here was undertaken to determine -whether or not 
other porphyrin derivatives in biological systems besides chlorophyll are 
also protected from destruction when carotenoids are present or are 
photooxidatively destroyed in the absence of carotenoids. Catalase and 
peroxidase, "Which, like chlorophyll, are protoporphyrin IX derivatives, 
but function enzymatically rather than as light energy absorbants, were 
the primary subjects. Catalase, in particular, appears to be ubiquitous 
in aerobic cells (Lemberg and Legge, 191*9). 
These enzymes are referred to as "hydroperoxidases", causing the 
decomposition of hydrogen peroxide to water and, in the case of catalase, 
also resulting in the evolution of oxygen. Their functions have been 
suggested as (a) destroying potentially toxic concentrations of HgOg, 
and (b) catalyzing the oxidation of low molecular weight alcohols 
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(Keilin and H art re e, 19li5b). 
Catalase and peroxidase from corn and bacterial cells, as well as 
crystalline beef liver catalase and horseradish peroxidase were used. 
In addition to (l) the general light effects discussed above, the 
objectives of this study were to: 
(2) study the effect of artificially reduced carotene content on 
chlorophyll content; 
(3) determine the action spectra of photoinhibition or 
destruction of these enzymes; 
(U) test the hypothesis that this photoinactivation is an 
oxidative process; 
(5) describe possible changes occurring in the structure or 
chemical state of catalase upon inactivation; 
(6) evaluate various chemical substances as to their possible 
protective value for catalase in systems lacking carotene. 
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REVIEW OF LITERATURE 
Functions of Carotene 
It is a rule without known exceptions that carotenoids accompany 
chlorophyll in the photosvnthetic apparatus of all phototrophs from 
bacteria to higher plants (Strain, 19 U9 ). Careful measurements of 
photo synthetic action spectra have shown that the light absorbed by 
carotenoids can be used for photosynthesis by some, but not all, the 
organisms so far examined according to Blinks, as cited by Griffiths 
et al. (1955, p. 1211). 
In addition to the above, the following functions of carotenoids 
have been shown to have varying degrees of importance in plant and 
bacterial systems (MacKinney, i960). (1) Electron transfer - as a part 
of this action the protection of the cell from photodynaaic destruction 
in the presence of chlorophyll or other sensitizers is noted. (2) 
Participate in converting the oxidized portion of water formed during the 
photochemical act to a peroxide. (3) Light absorption involved in 
phototropism and phototaxis. 
Of these functions (l), carotenoid protection, has been suggested as 
the most important. Kohl (1902, p. 10) was the first to propose that the 
role of carotenoids was to protect chlorophyll frcm destruction by light. 
Further support for this idea came from Willstater and Stoil (1918). 
Evidence has continued to accumulate favoring this view and recently 
Stanier (1959) proposed it as a unique role of carotenoids in all photo-
autotrophs. 
h 
Much of the work reported has been done with biological materials 
v,tiich are like a given normal strain, except for their apparent genetic 
inability to form colored polyenes. Claes (19514.) described some X-ray 
mutants of Chlorella vulgaris Beyerinck, three of which do not form 
carotenoids and are photosensitive. Death occurs when they are exposed 
to light. A carotenoid deficient mutant of Chlamydomas ri enhardi Dang 
also dies when exposed to light (Sager and Zalokar, 1958). This mutant 
does have an initial uptake of carbon dioxide and seme oxygen release. 
Griffiths et al. (1955), Cohen-Bazire and Stanier (1958) and Fuller 
and Anderson (1958) all observed bacteriochlorophyll to be photodestroyed 
in the absence of carotenoids, but retained when carotenoids were present. 
- Similar chlorophyll losses are obtained in higher plants -when carotenoids 
are absent, (Wallace and Schwarting, 195U; Anderson and Robertson, 
I960). 
In a study of the effect of certain chemicals on carotene and 
chlorophyll synthesis, Schopfer et al. (1952) grew normal pea plants in 
solutions containing maleic hydrazide or isonicotinic hydrazide. In 
roomlight they found a corresponding decrease of both pigments when 
grown in solutions containing maleic hydrazide. Isonicotinic hydrazide 
caused a 50 percent reduction in carotene but no reduction in chlorophyll. 
Spectral evidence to support the suggestion that bacteriochlorophyll 
is the photosensitizer for its own destruction in the absence of 
carotenoids is given by Griffiths et al. (1955). Even though wave­
lengths of less than 700m# were filtered out, destruction of the pigment 
still occurred, presumably from energy absorbed by the 800-900 m/* peak 
of bacteriochlorophyll. However, Kandler and Schotz (1956) indicated a 
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maximum efficiency for chlorophyll destruction in Chlorella mutants in 
the blue and blue-green region of the spectrum. This suggests that 
carotene precursors, iron porphyrins or copper-containing enzymes may 
also serve as the destructive light energy absorbers. Due to the severe 
impairment of chlorophyll synthesis perhaps there is a porphyrin 
accumulation "which magnifies the sensitization. 
Faludi et al. (I960) found in some albino corn mutants that caro­
tenoids were present. However, these carotenoids absorbed at a shorter 
wavelength and thus a higher energy level than those in normal plants. 
The authors suggest this to be the cause of photodestruction of these 
carotenoids and, in turn, of the chlorophyll present. 
Oxygen's role in pigment destruction in conjunction with light has 
been repeatedly observed. Hence, as emphasized by Blum (19hi), this is 
appropriately referred to as a photodynamic process. Such processes do 
not occur in the absence of oxygen, while those affected by ultraviolet 
light ( 330 m ) work equally well with or without oxygen. Griffiths 
et al. (1955) using a bacterium, Kandler and Schotz (1956), Claes (1957), 
Sironval and Kandler (1958) using Chlorella and Anderson and Robertson 
(I960) and Faludi et al. (I960) working with corn, all present support 
for this phenomenum. The destruction of pigments (both chlorophyll and 
carotene in some cases) in either carotene-mutant or carotene-normal 
systems takes place most rapidly in the presence of oxygen, also occurs 
in air, but is completely inhibited in a nitrogen atmosphere. Certain 
oxidative enzyme inhibitors (Faludi et al., i960) greatly reduced the 
rate of pigment destruction, giving further support to the oxidative 
nature of the process. 
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Roux and Eusson (1952) studied pigment synthesis and degradation 
with tracers and concluded the two processes were in dynamic equilibrium. 
Anderson and Robertson (I960) present further support for this conclusion, 
showing that in a normal carotene-containing plant, initial light exposure 
causes more rapid degradation than synthesis of chlorophyll. However, 
after 20 minutes exposure, synthesis is occurring slightly more rapidly. 
In the mutant, degradation and loss of chlorophyll appears to be an 
irreversible reaction upon exposure. 
Much similarity of chlorophyll pigments in normal and mutant systems 
has been found. Koski and Smith (1951) report white seedling-3 (W^ ) of 
corn to synthesize protochlorophyphyll and photosynthetically functional 
chlorophyll pigments in dimlight. Upon stronger illumination these 
pigments broke doim and the leaf bleached. The same observations were 
made in albino sunflowers (Wallace and Schwarting, 195b; Lyashchenko, 
1957). Chromatographic analysis of the chlorophyll components in normal 
and mutant tissues indicated the chlorophylls were the same, but that 
the carotenoids differed (Faludi, et al., I960). 
Smith et al. (1959) analyzed a large number of pigment mutants of 
corn to test three hypotheses relative to chlorophyll instability: (l) 
lack of a phytyl group (2) lack of the usual spectral shift from 
681;-» 670 m/4 ; this shift was considered to represent chlorophyll 
stabilization and (3) absence of carotenoids. They concluded no one of 
these factors could explain chlorophyll loss in all cases. 
With particular reference to non-photosynthetic bacteria, a second 
carotenoid function may be protection against photodynamic killing 
(Mathews and Sistrom, 1959). These workers found 99 percent of the cells 
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of the carotenoid mutants of Sarcina lubea were killed after two hours 
exposure to 10,000 foot-candles of sunlight. They also demonstrate 
(Mathews and Sistrom, i960) that photokilling, like chlorophyll 
destruction, is an oxidative process. 
Catalase and Peroxidase 
The preceding literature has dealt primarily with chlorophyll 
stability. It is now of interest to consider the information available 
relative to stability of other porphyrin derivatives (particularly 
catalase and peroxidase) in the presence versus the absence of carotene 
and light. 
. Using carotenoid mutants similar to those described above for 
chlorophyll stability and photodynamic killing studies, numerous 
investigators have observed the effects of light on catalase stability. 
Eyster (1950) found that dark grown corn seedlings, whether mutant or 
normal, had a higher catalase activity than light grown seedlings. The 
dark grown albinos (carotene-defectives) had a catalase activity nearly 
equal to the carotene-containing normals. However, for light grown plants 
the catalase activity in the mutants was much lower than for the normals. 
The same higher catalase activity in dark grown material was reported 
by Appleman (1952). This etiolated material lost very little of its 
catalase activity from a short time exposure to a 250 watt Mazda bulb, 
yet there was a distinct reduction in chlorophyll content. 
Using a chloroplast preparation from normal green spinach leaves, 
Lavorel (1956) observed a decrease in catalase activity upon illumination. 
Spontaneous reactivation of catalase activity occurred -when these 
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chloroplasts were placed in the dark. Lavorel suggests that inactivation 
is due to a photoreduction, reactivation to a spontaneous oxidation. He 
also concluded from spectral studies of catalase inactivation that 
chlorophyll was likely the sensitizer responsible for the photoinhibiti on. 
X-rays and I81u9 nyx light both inactivated crystalline catalase in 
a water solution (Sutton, 1956aJ. The author suggests inactivation is 
due to the formation of OH" radicals from irradiation of the water. He 
further indicates that formation of H^ O^  from some of these OH- radicals 
gives partial protection to the catalase during exposure. 
A similar reason was suggested for the electronic spin resonance 
(ESR) measured after irradiation of hematoporphyrin (Smith et al., 1961). 
The occurrence of measurable ESR was found to be both light and oxygen 
dependentj the authors conclude that formation of an 0H~ free radical 
explains such a response. C-iovanelli and San Pietro (1959) also suggest 
free radicals are involved in the observed photoinactivation of photo-
synthetic pyridine nucleotide reductase. The reaction was stimulated 
in the presence of oxygen and diminished by anaerobiosis. Inactivation 
was postulated to be a final result of sulfhydryl group oxidation. 
Having considered the effects of the presence or absence of carotene 
on chlorophyll and catalase stability, the mechanism of catalase action 
will now be discussed in more detail, in addition to a survey of the 
suggested ways by which catalase may be inactivated. 
Catalase has long been known as an enzyme present in plants and 
animals which catalyzes the decomposition of hydrogen peroxide (wyman, 
19U8). It was first crystallized by Sumner and Bounce in 193? -, The 
enzyme has a molecular weight of about 225,000 with four iron atoms per 
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molecule. Of these, apparently only three commonly belong to heme 
(Stern, 1936) because a blue iron-containing pigment is nearly always 
obtainable from catalase preparations in addition to protoheme. Accord­
ing to Lemberg et al. (1939) this blue compound is related to biliverdin, 
an oxidation product of protoheme resulting from breakage of one of the 
methene bridges of the great ring. 
The activity of catalase varies from one preparation to another and 
appears to show a positive correlation vrith the fraction of total iron 
present as heme iron (Lemberg and Legge, 19U3)• The amount of biliverdin 
in a catalase preparation can be increased by addition of HgOg and 
ascorbic acid; the authors suggest the biliverdin represents the product 
of an in vivo oxidation. 
Keilin and Hartree (19h5b) report the concentration of catalase in 
liver appears to be one thousand times higher than that required for the 
decomposition of what HgOg is present. The catalase concentration was 
very nearly equal to the amount calculated necessary for the coupled 
oxidation of alcohols. Hence, this peroxidative activity is suggested 
to be one of major importance. Lemberg and Legge (19U9) do not concur 
completely with this view, but do agree catalase may function at least 
in some cases as such an oxidative catalyst. Catalase activity is more 
fully retained when the enzyme is stored in the presence of methanol, 
ethanol and closely related compounds, but not by propanoic butanol or 
larger alcohols (Adams and Burgess, 1959). 
Considerable discussion has occurred relative to the oxidation state 
of the iron atom present in the catalase porphyrin. Early work on 
catalase action was done using azide as an inhibitor (Keilin and Hartree, 
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1936; 19U5a). Using carbon monoxide versus nitrogen atmospheres to study 
the reaction of azide-catalase with HgOg, they concluded the peroxide 
reduced iron from a 43 to a +2 state and that reoxidation could take 
place only in the presence of molecular oxygen. They further suggested 
the HgOg - catalase reaction was too rapid to study in the absence of an 
inhibitor. 
Chance (19U7) using rapid spectrophotometry concluded that catalase 
forms an intermediate with HgOg "which in turn reacts with a second HgOg 
molecule to decompose it. He did not obtain the spectral shifts observed 
by Keilin and Hartree when HgOg reacted with catalase; on the basis of 
this result he states that iron remains ferric under standard reaction 
conditions. 
Reduction of iron does occur in the presence of azide (Theorell and 
Ehrenberg, 1902a), but because carbon monoxide does not inhibit catalase 
action in a pure system, azide is essentially acting as a donor to cause 
reduction and not as an inhibitor. This data gives no support to Keilin 
and Hartree's postulate of a ferric-ferrous cycle being involved in the 
decomposition of HgOg by catalase. Theorell and Ehreriberg do hedge by 
saying under physiological conditions reduction donors may be present, 
but that direct evidence for this is lacking. 
However, a mechanism for iron reaction in the decomposition of HgOg 
is described by Gahill and Taube (1952 ) where the iron goes from +3 to +2, 
thence to -tit and continues to cycle between +U and +2 as long as the chain 
of reactions remains unbroken. As the chain breaks, iron reverts to %3. 
Although evidence is not complete, they cite unpublished work by J. P. 
Hunt and by Philip George indicating the same mechanism might be 
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occurring -with catalase and peroxidase. 
The complexing effect of cyanide caused a retention of catalase 
activity during irradiation. Sutton (1956b) postulated from this that 
X-rays cause inactivation at the iron center of catalase. After 
irradiation the protein absorption of catalase at 275 m/v increased from 
O.D. of 1«60 to 1.80 "while the porphyrin peak at b0$ myu dropped from l.h 
to 1.0. These optical density changes corresponded to an 80 percent 
decrease in catalatic activity. Similar X-radiation effects were 
reported by Dale and Russell (1955). 
Sutton (1956b) further indicates that the decrease at U05 m/x is 
partially reversible after small radiation dosages. This reversible 
effect is probably due to the formation of HgOg and from it the catalase -
HgOg complex. The complex has a somewhat smaller O.D. at U05 myU than 
catalase and slowly reverts to catalase after removal of the HgOg. 
Three-amino-l*2*ij.-triazole and related compounds give an irreversible 
reaction with the protein of catalase in the presence of HgOg (Margoliash 
et al.j I960). After the protein is attached to amino triazole, cyanide 
is unable to complex the iron center of the porphyrin, indicating the 
inhibitor is attached to the protein at a position very near the iron 
center. 
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MATERIALS AND METHODS 
A series of experiments using three catalase and peroxidase sources 
under aerobic or anaerobic conditions were conducted under various 
modifications of natural or artificial light. A standard assay was used 
throughout for each enzyme* 
Enzyme Sources 
The first enzyme source for catalase and peroxidase was a strain of 
corn, the carotenoid mutant ¥3 or its normally pigmented counterpart. 
This plant material was grown in verraiculite either in the dark or in 
dimlight of approximately 0.5 foot-candles for ten to fourteen days. At 
the end of this time the leaves were detached, a standard-sized sample 
taken (usually 0.5 or 1.0 gram fresh weight) and exposed to various light 
and oxygen regimes. During exposure, the leaves were floated on dis­
tilled water. Following treatment as indicated in the results section 
the tissue was blotted dry and ground. For catalase, grinding was done 
in 0.01 M E^ HPO^  at pH 7.0 (10 ml. buffer per gram fresh weight) with a 
mortar, pestle and a bit of sand. After grinding, the brei was strained 
through four thicknesses of cheesecloth and then stored in the cold 
until assayed. Results were less variable «hen the time between grinding 
and assay were kept to a minimum. For peroxidase, the material was 
extracted in a mortar and pestle with 95 percent ethanol and then 
filtered on a Buchner funnel. The residue was extracted for one hour 
with citrate buffer and the resulting solution used as the enzyme 
preparation. 
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The second enzyme source of catalase and peroxidase was from the 
wild type or its carotenoid-mutant of Sarcina lutea. The cells were 
grown in a nutrient broth (Mathews and Sistrom, i960) for 2iy-U8 hours in 
the dimlight (= 0.5 foot-candles) on a slow speed shaker. Harvest of 
the cells was accomplished by centrifugation. They were then washed 
once in 0.01 M KgHPO^  at pH 7.0, homogenized briefly in a Ten Broeck tube 
to break up any colonies remaining and finally suspended in 0.01 M K^ HPO^  
to a standard activity. No further grinding was necessary for satisfactory 
assay of the activity. 
Both crystalline enzymes, beef liver catalase and horseradish 
peroxidase were purchased from Nutritional Biochemicals Corporation. 
Standard quantities of these enzymes were diluted in 0.01 M KgHPO^  at 
pH 7.0. 
Light Sources 
To facilitate work during the absence of sunlight, two artificial 
light sources were used. One consisted of a bank of 200 watt Mazda lamps 
shining through an eight inch stationary water bath. Y&th this system 
1200-1500 foot-candles (Weston Illumination Meter-Model 756) could be 
obtained. As the study progressed, it "was concluded this was not a high 
enough intensity to give the rates of catalase inactivation desired. 
The second artificial light source was a 750 watt projection bulb 
mounted inside a brass tube through "which a fan mounted at the opposite 
end blew a stream of air for cooling the bulb. A reflector was mounted 
in the tube above the bulb and a hole in the tube beneath the bulb 
caused the light to be concentrated on a surface of approximately three 
Hi 
and one-half inches in diameter. This light was passed through a two-
inch-deep moving water filter and gave intensities 12 centimeters from 
the light source of approximately 7600 foot-candles (measured as gram 
calories with an Eppley pyroheliometer; converted to foot-candles by a 
conversion factor of 6700 foot-candles per gram calorie). 
The primary drawback of the above light sources was that they 
emitted most strongly in the red region of the visible range while the 
two enzymes absorb most strongly in the blue. 
Sunlight was used as a third light source. During the winter months 
a focusing lens and mirror combination was set up outdoors to concentrate 
the sunlight on an area of approximately three and one-half inches in 
diameter. This gave intensities of 10,000 to 20,000 foot-candles, 
depending on the atmospheric conditions. For summer work, the direct 
intensities obtainable of = 9,000 to 10,000 foot-candles were 
satisfactory and no modification of the sunlight was necessary. 
A filter which cut out light below 1*00 millimicrons was used to 
verify that the effects obtained were due to visible light above that 
wavelength. 
Enzyme Assays 
Catalase 
A standard assay described by Chance and Maehly (1955- ?• 768) was 
used with dilution modifications adjusted for the convenience of our 
apparatus. Nine milliliters (ml.) of dilute hydrogen peroxide (H^ O^ ) 
was combined with one ml. of enzyme preparation at zero time and reaction 
allowed to occur for varying lengths of time up to four minutes. At the 
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end of the designated reaction time, one ml. of this mixture was placed 
in ten ml. of two percent (by weight) sulfuric acid. This acid-enzyme-
HgOg solution was then titrated with 0.002 M potassium permanganate to 
evaluate the amount of H2O2 not decomposed by the enzyme. This titration 
value thus described the relative activity of the enzyme after a given 
treatment. 
Using crystalline beef liver catalase of a known concentration range 
a curve of 3 minute reaction times was obtained as described in Figure 1. 
The two curves describe the effect of different concentrations of 
hydrogen peroxide in the blank. All activities were graphically analyzed 
frcm this curve and their activity expressed (unless otherwise indicated) 
as a percent of the unexposed activity remaining. 
Peroxidase 
The assay described by Derx (I9I4.2) in which 1 ml. of 0.1 N HgOg, 0.5 
ml. o-tolidine and 22.5 ml. of citrate buffer at pH 5*0 are placed in a 
125 ml. flask and 0.5 ml. of 0.01 N ascorbic acid, h-5 ml. of citrate 
buffer and 1 ml. of enzyme are placed in a test tube was followed. These 
vessels were placed in a 2li° C constant temperature water bath for five 
to ten minutes, then mixed together and the time required for a blue 
color to appear was recorded. 
Aerobic Versus Anaerobic Conditions 
To study aerobic effects in the presence or absence of light, the 
enzyme preparation was left open to prevailing atmospheric conditions. 
For anaerobic conditions three vacuum modifications were used. 
Figure 1. Standard catalase assay curves» 
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The first (used for the major part of the corn studies) was to evacuate 
a suction flask with a vacuum pump, close it off and expose the leaves 
to light. To ensure minimum oxygen pressures, part of the experiments 
were done with the vacuum pump operating continuously during exposure. 
Neither of the above anaerobic techniques gave the clear-cut results 
for the bacterial and crystalline catalase systems that they did for 
corn. Therefore, with these two systems, a combination of evacuation 
and flushing with purified nitrogen gas in Thunberg tubes was necessary. 
Nitrogen gas, originally obtained from a commercial source at 99*9 
percent purity, was passed through alkaline pyrogallol (200 ml. of UO 
percent potassium hydroxide plus 20 ml. of 25 percent pyrogallic acid) to 
remove the residual oxygen. Four evacuations and three flushings were 
made • 
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EXPERIMENTAL RESULTS 
Studies were conducted in the following three areas: (1) the use 
of carotenogenesis inhibitors or differential solvent extraction to 
reduce the carotene content of plant tissue, (2) the protection of 
carotene for porphyrin derivatives, and (3) the process of catalase 
photoinactivation. Initial experiments were done to evaluate the possi­
bility of reducing carotene in the plant by chemical inhibitors or 
solvent extraction to a level that would cause chlorophyll and catalase 
to be more photolabile. Following this, investigations into the loss of 
catalase and peroxidase activity during illumination by visible light 
were carried out, including experiments designed to ensure that the 
observed result was indeed due to light rather than other factors. 
Finally, an attempt was made to determine the basis for enzymatic 
activity loss in light and to explain the protective effect for catalatic 
activity exhibited by low molecular weight alcohols. 
Carotene Reduction 
Carotenoid synthesis inhibition 
According to Schopfer et al. (1952) maleic (MH) and isonicotinic 
(INH) hydrazide were effective carotenogenesis inhibitors in peas. To 
investigate the possible synthesis inhibition of carotene in com by 
these chemicals, the following experiments were conducted on the hypothesis 
that a large percentage inhibition of carotene would allow photodestruction 
of chlorophyll and catalase similar to that described for bacterio­
chlorophyll by Cohen-Bazire and Stanier (1958) and Fuller and Anderson 
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(1958). 
In the first experiment corn embryos were grown in sucrose-mineral 
nutrient agar containing either 0.8 to 20.0 milligrams (mg.) of MH or 
0.16 to 0.U mg. INH per ten ml. of agar. Plants were grown in either 
dark, dimlight, or roomlight. An extensive inhibition of growth 
resulted and no differential destruction of chlorophyll occurred when 
the plants were exposed to bright light. 
A second experiment consisted of germinating com in a petri dish, 
then transferring the seedlings to a water nutrient culture. The 
radicles were inserted into the culture through holes in an aluminum foil 
cover. The culture contained from 0 to 1.6 mg./ml. of MH or 0 to 0.8 
mg./ml. of INH. Maleic hydrazide again inhibited growth extensively. 
However, the INH treatments were satisfactory in growth and eleven days 
after the transfer, seedlings with leaves well emerged from the coleoptile 
were ground in acetone and pigment readings made on the extracts. 
Two treatments, 0 and O.k mg./ml. INH, are discussed because pre­
liminary observations indicated them to be the most different and hence 
to justify more thorough analysis. The O.D. at 652 per gram fresh 
weight is recorded for these treatments in Table 1. These results 
indicated no suppression of chlorophyll synthesis by INH and perhaps 
a reduction in growth that caused the higher chlorophyll concentration. 
The above extracts were then chromâtogrammed in benzene-
petroleum ether (3:1 ratio) (Faludi et al., I960), the spots eluted with 
acetone and the O.D. read at U50 m/z, to evaluate carotene and at 652 myCC 
to again evaluate chlorophyll. Table 2 describes the readings for two 
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different runs with equivalent aliquot s of extract» 
Table 1« Optical density of an acetone extract of com at 652 m/x 
grown -with or -without INH 
Treatment 0. D»652^  
0 mg./ml. INH 1.70 
O.k mg./ml. INH 2.70 
-^Per gram fresh weight. 
Table 2. Optical density of spots from a benzene-petroleum ether 
chrcmatogram of com extracts grown with or without INH 
Treatment 
Experiment 1 
Optical density 
Experiment 2 
Optical density 
652 1;50 652 U5Q 
0 mg./ml. INH .213 .307 .107 .110 
0.1; mg./ml. INH .163 .112 .177 .100 
Percent reduction of 0.1; 
treatment from 0 -21 -63 460 -10 
A trend is shown for the plants grown in INH to give a lower carotene 
reading, but there was not a similar percentage reduction in chlorophyll 
after illumination, suggesting that even reduced quantities of carotene 
would adequately protect all the chlorophyll. 
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Carotene extraction of normal chloroplasts 
A second attempt to reduce carotene using petroleum ether, £0° - 70° 
C BP (Milner et al., 1958), and thus make chlorophyll and catalase more 
photosensitive in normally pigmented plant tissues "was as follows. Three 
treatments were imposed on normal corn chloroplast preparations : (a) 
Unextracted (b) Carotene extracted, and then added back (c) Carotene 
extracted. The ratio of the 0. D. at 652 m^ u to that at U50 m/u, is 
described for these treatments in Table 3. 
Table 3» Ratio of the 0. D. at 652 îU50 m# for normal com chloroplasts 
before and after petroleum ether extraction 
Treatment 
(a) Unextracted 
(b) Carotene extracted; added back 
(c) Carotene extracted 
Because no large difference was observed in the ratio of chlorophyll 
to carotene after extraction as compared to before, no further attempt 
was made to study the light effect on chloroplasts treated in this manner. 
The preceding experiment indicated there had to be large differences in 
the relative content of these two pigments if any distinct results were 
to be obtained on chlorophyll destruction. In addition, concurrent 
experiments had indicated that catalase was less photosensitive than 
Ratio - O.P. 652:ii50 RM 
0.818 : 1.205 = 0.68 
0.327 : 0.507 = 0.6k 
0.319 Î 0.518 = 0.60 
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chlorophyll and would thus require even lower carotene contents for 
observable differences. 
Factors Affecting Catalase Activity 
The first major aspect of these studies was observation of the 
effects of illumination on catalase activity in various systems containing 
or lacking carotene. Preliminary studies verified that catalase is 
destroyed by light in certain biological systems. The first series of 
experiments to be described was then done to ensure that the effect was 
a photochemical one and not due to heat or some other side effect. 
The effect of temperature on catalase activity • 
Preliminary experiments had indicated that an exposure of catalase 
to thirty minutes or more of tungsten light would frequently be necessary 
to obtain distinct inactivation results. To ensure the absence of a 
heat effect during such exposure, the material was exposed in an ice 
water bath ( = I4.-IO0 C). However, to determine -whether or not temperature 
was a critical factor in catalatic inactivation, the experiment 
summarized in Table h was conducted. 
Catalase was thus shown to be only slightly temperature sensitive 
over a broad range. The temperature of assay was that of the room. The 
experimental procedures which follow had no temperatures as low as 0° 
C or over $0° C. 
The effect of pH on catalase activity 
Since many chemical reactions are affected by the pH of the reacting 
solution and biological systems function most frequently at an optimum 
2k 
Table 1;. Temperature effect on catalase activity in Sarcina lutea cells 
-
Activity^ -
Temperature (°C) 0° 
o
 o 
m
 
o
 o 
C
M
 o
 
I—
! 
Uo° 5o° 60° 
Time in water bath 30 100 108 109 100 
(minutes ) UO 99 102 109 
"^Activity expressed as a percent of the 30° C reading. 
near pH 7.0, catalatic activity (beef liver source) in a pH series was 
studied before and after illumination (Figure 2). 
The enzyme had a much greater susceptibility to decomposition under 
alkaline pH conditions. For a given light intensity pH had a greater 
effect on loss of activity than did the length of light exposure 
(compare the sharpness of the curve breaks to the distance between the 
exposure times). It was concluded all experiments would be buffered at 
pH 7.0. This would satisfy the conditions for the assay to be used and 
still minimize the pH effects and maximize the light effects imposed. 
Dilution effect on the rate of catalatic activity loss during jl 1 nnn nation 
The effect of increasing dilution upon the rate of inactivation of 
catalase (beef liver source) exposed to light for an equal time is 
described in Figure 3» The samples were diluted to the same concentration 
for assay. Percent inactivation proceeds much more rapidly when the 
enzyme is more dilute, (e.g® Many more molecules were destroyed at 
10"^  M than at 1CT® M, but the percentage loss was greater at 10~® M.) 
Figure 2. The effect of pH on catalase activity loss 
•with and "without illumination. (Activity 
expressed as a percent of unilluminated 
sample at pH 7.5.) 
26 
100 
> 
t 
> 
H-
o 
< 
80 
60 -
40 -
20 r-
r 
UNEXPOSED 
40 MIN. EXPOSURE 
80 MIN. EXPOSURE 
j l j l j l 
4.5 ao 7.5 9.0 
PH 
Figure 3» The effect of decreasing catalase con­
centrations on the rate of activity loss 
during illumination. 
28 
100 
> 
MOLARITY OF CATALASE X 057 
S« 25 
0 J i 3 
10"7 10"* 
29 
Catalase activity of Sarcina lutea as described by permanganate titra-
tion versus oxygen evolution of HgOg 
As outlined in the Materials and Methods, a standard permanganate 
titration of the HgOg remaining in a given reaction mixture following 
enzymatic action was used to evaluate catalatic activity. Because the 
cells of Sarcina lutea were not ruptured before enzymatic reaction, the 
question arose of a possible absorption of HgOg by these cells rather 
than a real decomposition. Therefore, experiments were done in a Warburg 
re spirometer to assure that oxygen evolution did occur when H2O2 was 
available as a substrate. Bacterial cells were compared to crystalline 
beef liver catalase, Table 5« 
Table 5« Microliters (yu l) of oxygen evolved by crystalline beef liver 
catalase and Sarcina lutea cells in the presence of H2O2. (18 
minute reaction time.l 
Crystalline catalase^  Sarcina lutea cells^  
(a) (b) (c) (d) 
Enzyme quantity per 
flask 0.5 ml. 0.2 ml. 0.5 ml. 0.2 ml. 
jul.Op evolved per mg. 
x 10-4 original activity 11.00 17.9 2.2 1.1 
"^Permanganate titration equivalent = 9.5 x lCT^ mg./ml. 
P^ermanganate titration equivalent = 13.7 x 10-lt mg./ml. 
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Catalatic activity of the crystalline enzyme is much greater in an 
oxygen evolution assay, even though the bacterial cells were more active 
in the permanganate titration assay. This may indicate considerable 
absorption of HgOg by the cells without a corresponding release of 
oxygen. However, measurement of catalase activity by manometric techniques 
has been shown to be unreliable (Chance and Maehly, 1955 p. 768). 
Nevertheless, some oxygen evolution and HgOg decomposition occurs, allow­
ing a modified comparison of all enzymatic systems by the permanganate 
titration. 
Action Spectrum of Catalase Destruction 
Having evaluated a series of factors that might affect catalatic 
activity and derived an optimal basis for reaction conditions, the next 
study undertaken was a determination of whether or not the absorption 
spectrum of catalase coincided with the action spectrum for its 
destruction. Extinction coefficients (E^ ) for crystalline beef liver 
catalase were calculated at three wavelengths as follows: %o5 m/x= 75.0, 
E505m/u= 12.7, E525 niya. = 5.6. Four cellophane papers of different colors 
were then evaluated for their percent of light transmission at these 
wavelengths (Table 6). As would be expected, the blue paper transmitted 
more 1*00 m/x light, the red paper more 600 m/x light. All three enzyme 
sources were then illuminated under these cellophanes and the percent of 
catalatic activity destroyed recorded (Table 6). 
The papers used did not allow an exact evaluation of the wavelengths 
of light most important for catalase inactivation. However, the major 
effect is shown to be in the 1|00 m U range. The enzyme from all three 
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sources gave the same relative response, losing their most activity "when 
exposed under blue light, which is the light absorbed by the porphyrin 
peak. Studies with single wavelength-transmitting interference filters 
verified this conclusion. 
Table 6. The effect of certain colored cellophanes on catalase activity 
during illumination 
Percent transmission Percent destruction 
Cellophane U05 505 625 Crystalline Com Sarcina 
color m yU m/f m jj. catalase (w3) lutea 
dear 100 100 100 100 59 87 
Blue 52 35 0 96 hS 79 
Green 0 32 1 Uo 25 67 
Red 17 1 77 ho 16 67 
Aerobic Versus Anaerobic Effects During Illumination 
The destruction of chlorophyll by light is inhibited in an oxygen-
free atmosphere. It was of interest to determine if catalase was like­
wise protected by anaerobiosis, thus justifying classification of the 
action as photodynamic (Blum, 19ijl)o 
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The first observations# recorded in Table 7, were made with carotene-
normal and carotene-mutant corn grown in the dark or dimlight until 
bright light exposure. 
The variability of results for the mutant plants can be explained by 
the lack of completeness of the seal on a given flask. No ground glass 
stoppered vessels were available that would contain the intact leaf 
samples used. Nevertheless, a distinctly greater retention of catalatic 
activity occurs under vacuum for mutant plants. The results for normal 
plants in this series are somewhat erratic, but it appears they can 
retain a relatively large percentage of catalatic activity even in the 
presence of air. 
Both mutant and normal plants retained a large part of their 
chlorophyll content under vacuum. The mutants had their chlorophyll 
destroyed when illuminated in air, the normals did not (Anderson and 
Robertson, i960). Therefore, the question arose whether or not the 
observed "protective" value of a vacuum might be a confounded one in which 
chlorophyll or protochlorophyll was retained under vacuum and this in 
turn, by absorption of light energy at the Soret peak, "protected" the 
major absorption of catalase. 
To study this latter possibility in com leaf tissue another mutant, 
lw-j lw^ , which forms extremely small amounts of chlorophyll and carotene 
in dimlight, was assayed for its catalatic activity after illumination 
in air versus vacuum. The results of two such experiments are presented 
in Table 8. 
Although there is considerable variation in these readings, the same 
trend is observed as for Wj. No difference of catalatic activity 
Table 7. Catalatic activity of carotene-normal and carotene-mutant corn following illumination under 
aerobic versus anaerobic conditions , 
Experiment 1 Experiment 2 Experiment 3 
Plant Atmosphere during Light before 
exposure treatment Dimlight Dark Dim Dark Dim 
Light during Sunlight Sunlight Lamp 
treatment 60 min. 2lj.O min. min. min. 60 min. 60 min. 
Mutant Air 0 0 3b 25 50 60 
i 
Vacuum ho 10 110 70 76 90 
Normal Air 
Vacuum 
1*3 U5 
55 30 
68 66 
38 60 
3k 
Table 8. Catalatic activity in Iw^ lw^  after exposure to bright light in 
air versus vacuum 
Light regime 
before treatment 
Atmosphere 
Vacuum Air 
Experiment 1 Roomlight 55 11 
Dimlight 128 21 
Experiment 2 Roomlight 110 36 
Dimlight 83 30 
retention or loss appears to occur in the absence of significant amounts 
of chlorophyll. 
To study a tissue having an even lower protochlorophyll content, corn 
roots were grown in the dark, illuminated in air or vacuum and assayed 
for their catalase activity, (Table 9). They were observed to retain 
somewhat more activity under vacuum. 
To study further the hypothesis of anaerobic protection for 
catalase, two systems containing no chlorophyll were used. These were 
the bacterium Sarcina lutea and crystalline beef liver catalase. A 
carotene-mutant strain of Sarcina lutea was available as well as the 
carotene-containing normal and a preliminary experiment (Table 10) 
demonstrates that the carotene -normal cells retain the majority of their 
catalase activity in sunlight, whereas the mutant cells lose their 
catalatic activity. 
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Table 9. Catalase activity in corn roots following illumination in air 
versus vacuum. (One hour sunlight) 
Atmosphere Activity 
Air 31 
Vacuum b$ 
Table 10. Activity of catalase in normal versus mutant Sarcina lutea 
cells after exposure in sunlight 
Activity 
Carotene-normal 8U 
Carotene-mutant 11 
The evacuation system used for corn was unsatisfactory to produce 
adequately oxygen-free conditions for the bacterial cells and crystalline 
enzyme j it was therefore necessary to incorporate a flushing with nitrogen 
gas that had been purified through alkaline pyrogallol. The results of 
the Sarcina lutea experiment are presented in Table 11. 
Catalatic activity is largely retained if the anaerobic conditions 
are thorough. The variability of the vacuum data was primarily due to 
imperfection of the seal in some of the Thunberg tubes used. 
Crystalline beef liver catalase was used to study the action of 
light and oxygen on a more pure system containing neither chlorophyll or 
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carotene. The anaerobic effect on activity was considered first (Table 
12). 
Table 11. Catalatic activity of Sarcina lutea (carotene-mutant) after 
light exposure under air or vacuum 
Replicates 
Atmosphere 1 2 3 k Average 
Experiment 1 Air 27 28 30 32 29 
Vacuum 53 77 59 92 70 
Experiment 2 Air 21 21 23 23 22 
Vacuum U8 92 61 28 57 
Table 12. Activity of crystalline beef liver catalase following 
illumination under aerobic versus anaerobic conditions 
Replicates 
Atmosphere 1 2 3 k 
Air k 1 1 3 
Vacuum 92 2 33 U3 
Average 
2 
k2 
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Again variability due to the quality of the seal in the Thunberg 
tubes is present, but nearly complete retention of activity is possible 
if anaerobic conditions are thorough. 
Peroxidase Versus Catalase PhotolabiHty 
Peroxidase, similar to catalase in its basic structure and some of 
its actions, was evaluated relative to its degree of photolability. 
Table 13 indicates that it is much less labile than catalase. The 
crystalline enzymes exhibited these same relative differences in photo-
lability (see Figures 10 and 11, pp. 60a and 6la). 
Table 13. Comparison of catalase and peroxidase photolability 
Activity remaining after 
exposure to light 
Enzyme source Catalase Peroxidase 
W3 corn, leaves 29 66 
Normal corn, roots 9 95 
Sarcina lutea cells were assayed in several experiments for their 
peroxidase activity. The amount present "was so small that significant 
differences before and after illumination could not be determined "with 
the assay used. This observation lends strong support to the suggestion 
that the bacterial cells do in fact have catalatic activity and not 
merely absorption of If absorption were occurring then the cells 
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should have given an apparent peroxidase reading just as they did catalase. 
Since no peroxidase reading was obtained although a positive catalase 
reading was, it is concluded the cells contain high quantities of catalase 
and low quantities of peroxidase and that little HgOg absorption without 
decomposition occurs. To further support the suggestion of catalatic 
activity in these cells, it is noted the various responses, such as the 
action spectrum for destruction, anaerobic protection of enzymatic 
activity and certain of the preliminary reactions are alike for this 
system and the other two, corn and crystalline enzyme. 
Possible Explanations for Catalatic and Peroxidatic 
Activity loss by Photooxidation 
Catalase 
With photooxidative inactivation or destruction demonstrated for 
all three enzyme sources, a more exact description of the nature of the 
change causing such a response was undertaken. The reaction here is not 
the same as that described by Lavorel (1956). The catalase system he 
studied underwent reactivation in the dark, whereas these, even though 
illuminated and then stored at a cool temperature for as much as three 
hours, gave the same activity response as when assayed immediately. 
A variety of possibilities were evaluated. First, although Chance 
(19U7) and Theorell and Ehrenberg (1952b) found no evidence to support 
Keilin and Hartree's (19it5a) suggestion that catalase iron undergoes an 
oxidation-reduction during reaction, this possibility was re-examined 
because of the protection observed under anaerobic (reduced) conditions. 
It was postulated that light might cause a photoreduction of iron and in 
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the absence of molecular oxygen no reoxidation or, more important, no 
destructive oxidation could occur. Then, after removal from illumination 
and re-exposure to air, the enzyme could be restored to its original 
activity. However, tests such as an o-phenanthroline assay were 
unfruitful in detecting ferrous iron, perhaps because the iron returned 
so rapidly to the ferric state upon air exposure even if reduction had 
occurred under vacuum. It is also possible this test was not sensitive 
enough to detect the ferrous iron present, if any. 
A second hypothesis was that the porphyrin ring, presumed to be of 
primary importance for enzymatic activity, was cleaved from the protein. 
To study this possibility, a 3.5 x 10"^  m catalase solution was illuminated 
by sunlight. Then two four ml. aliquot s of exposed and unexposed enzyme 
were treated with two grams of ammonium sulfate, two equal volumes were 
left untreated, and all were centrifuged. Following centrifugation, 
these solutions were spectrophotometrically assayed at 0. D.^ 05, the 
porphyrin peak of catalase (Table lU). 
If protein-porphyrin cleavage did occur during illumination, the 
porphyrin should remain in solution after precipitation of the protein, 
giving an 0. D.^ qcj similar to the unilluminated enzyme not treated with 
ammonium sulfate. Conversely, exposures to light should increase the 
0. D.j^ o5 of the enzyme solution treated with ammonium sulfate, because 
less and less of the porphyrin would be attached to the protein and 
therefore precipitated out with it. This did not occur j instead, all 
exposures gave readings with neither ascending or descending magnitude. 
A third possible explanation for enzymatic activity loss would be 
a breakage or partial oxidation in the great ring of the porphyrin. 
Uo 
Table lU. 0. D. of beef Hiver catalase before and after illumination, 
•with and with «mit the addition of ammonium sulfate 
Illumination (minutes J _ No ammonium sulfate Ammonium sulfate 
0 .160 .033 
30 .275 .035 
70 .29$ .037 
100 .1 b5 .053 
1L£ - .160 .033 
To evaluate this, a correlation -was obtained between catalase absorption 
at 0. D.^ o5 following incnreasing light exposures and the coincident loss 
in biological activity. Ht was convenient to describe the entire 
spectrum of catalase folBoowing illumination treatments on a Gary record­
ing spectrophometer. The results of such a series of observations are 
described in Figure U« 2tft is noted that the decrease in optical density 
described fits a straight line quite well for the first 120 minutes of 
illumination (Figure £.) Therefore, choice of the 0. D. after 2l|0 
minutes illumination as t±he zero point for porphyrin absorption was 
considered justifiable. fflhe catalatic activity was determined in a 
dilute solution of the same material. It dropped nearly to zero in 90 
minutes (Figure 6, Û pointfts ) » The rate of catalatic inactivation 
described by these points fits the equation for a first order reaction: 
In (a-x) = -kt+ln a (Figurre 7). The factor a is the initial concentration 
of enzyme in //g./lO ml. BK represents the amount of catalase destroyed at 
Figure it. Spectrum of crystalline beef liver catalase from 300 to 500 mjx 
following increasing periods of illumination. 
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Figure 6 also describes the curve (solid line) calculated for the 
theoretical rate of catalase activity loss, based on the following pro­
posed mechanism of inactivation. It is postulated that for catalatic 
activity to occur, all four porphyrin rings of a given enzyme molecule 
must be intact. With this assumption, the theoretical activity curve 
was calculated as follows. 
Assume that a unit of light energy enters a field of 2$ catalase 
molecules, the equivalent of 100 porphyrin rings. It has a 100:100 
chance of striking a porphyrin in a biologically active molecule. There­
fore, light unit 1 breaks one porphyrin ring and decreases the optical 
density at 1|0$ my/. 1 percent. However, according to the hypothesis, 
breakage of any one of the four porphyrins inactivates the molecule; 
therefore, 1 in 25 molecules of enzyme has been inactivated, decreasing 
biological activity by U percent. Light unit 2 then may strike 1 in 99 
and decrease the 0. D.^ q5 another 1 percent. However, only 96 of these 
porphyrins belong to biologically active enzyme molecules, hence the 
probability that biological inactivation will occur in not 99:99 but 
96:99• Therefore, while porphyrin density decreases in a somewhat 
linear fashion, enzymatic activity loss is distinctly curvilinear. 
The three points indicated at each illumination time given for 
Figure 6 indicate that the actual rate of catalatic loss slightly exceeds 
the theoretical one. This difference is most likely due to inexactness 
in the standard assay curve (Materials and Methods) rather than an 
inherent quality of the enzyme. With this qualification, it is observed 
that the actual catalatic activity loss curve coincides rather closely 
5o 
to the theoretical one calculated from the proposed inactivation mechanism. 
The effect of illumination for increasing lengths of time on the 
absorption pattern of the 275 m^ t peak of protein is shorn in Figure 8. 
Except for the 90 minute reading, "which is the second line from the top 
at 265, the lines ascend from 0 time exposure at the bottom to 2l|0 minutes 
at the top. The gradual increase of absorption at the protein peak is 
most probably due to increasing absorption of some substance below 260 
m y» overlapping into this area, rather than a real increase at 275 nyt. 
A final study, designed to further describe the oxidative nature of 
catalatic activity loss, was done using two reducing agents. Table 15 
describes the residual activity following illumination of catalase in 
the presence of ascorbate. 
Table 15. Catalase activity following illumination in the presence or 
absence of ascorbate in Sarcina lutea cells 
Ascorbate concentration Activity 
0.1 M 28 
0.01 M 3k 
0.001 M 28 
0 28 
Figure 8. Spectrum of crystalline beef liver catalase from 
237.5 to hOO n/4. following increasing periods of 
illumination. 
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The ascorbate had no apparent protective value over the range of 
concentrations studied. 
Similar results were obtained for crystalline catalase in the 
presence of cysteine. This suggests that reducing agents cannot lower 
enzymatic loss from illumination or that the reducing agents were not 
in close enough proximity to the enzyme to function effectively. 
Peroxidase 
Because the third possibility, porphyrin ring breakage, appeared to 
be the most reasonable explanation for catalase inactivation, a similar 
study was made of peroxidase. The rate of biological activity loss was 
compared to absorption spectrum changes following increasing periods of 
illumination. 
Table 16 reemphasizes the slow loss of biological activity for this 
enzyme even though illumination was for an extended period of time and at 
a dilute enzyme concentration. 
Table 16. Peroxidase activity following increasing amounts of illumination 
Illumination (minutes) 
0 
Activity^  
100 
60 95 
76 
76 
90 
135" 
A^ctivity of .002 mg./ml. (or Lu5 x 10"%) crystalline horseradish 
peroxidase expressed as a percent of the unilluminated sample. 
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As a comparison to such biological loss in a dilute solution a 
2.25 x lCT^ M solution was exposed to sunlight, then assayed biologically 
(Table 17) following dilution and spectrophotometrically at the original 
concentration (Figure 9). 
Table 17. Peroxidase activity following illumination 
Illumination (minutes) Activity^  
0 100 
30 100 
60 96 
90 92 
150 9h 
210 96 
E^xpressed as a percent of the unilluainated sample. 
Peroxidase has a much slower loss of both biological activity and 
optical density. Otherwise, the absorption at both the 275 and 1*05 mJUL 
peaks has the same relative pattern following increasing illumination 
time for both enzymes. However, catalase loses nearly all of its 
activity and absorption when exposed only one-half as long at essentially 
equivalent concentrations. 
Figure 9. Absorption spectrum of peroxidase following 
increasing periods of illumination. Values 
on graph indicate time in minutes. 
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Photoprotective Effect of Certain Substrates 
In plant and bacterial systems the phenomena of excited chlorophyll 
or bacteriochlorophyll sensitizing the destruction of other unexcited 
chlorophyll molecules is rather generally accepted. Considering this as 
a possible explanation for catalatic activity loss as well, an ethanol 
extract of soybean chlorophyll was made and added to a 1.75 x lO"^  
solution of catalase, (Table 18). 
Table 18. Catalatic activity following illumination in the presence or 
absence of ethanol and chlorophyll 
Solvent Activity 
Water 10 
1.3 M ethanol 98 
1.3 M ethanol (containing 
chlorophyll) 99 
Chlorophyll did not sensitize catalase destruction, but ethanol 
protected catalase during illumination. To follow up this observation, 
experiments with methanol, ethanol, propanol and butanol, as well as 
formate and nitrite, were conducted. These compounds, excepting propanol 
and butanol, can serve as catalase substrates. Table 19 describes the 
activity effects of ethanol and methanol on catalase in Sarcina lutea 
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cells. Both alcohols act to retain catalatic activity during illumination. 
Table 20 describes the effect on catalatic activity from illumination 
of corn leaves (W3) in ethanol. 
Table 19. Activity of catalase in Sarcina lutea (carotene-mutant) 
following illumination in the presence of certain alcohols 
Solvent Activity 
(a) Water 53 
(b) 2.0 M methanol 119 
(c) 1.3 M ethanol 83 
(d) 1.3 M ethanol (containing chlorophyll) 99 
Table 20. Activity of catalase in corn folio-wing illumination in the 
presence or absence of ethanol 
Solvent 
Experiment 1 Water 
10 % ethanol 
50 % ethanol 
Experiment 2 Water 
50 % ethanol 
Mutant leaves 
5U 
89 
109 
he 
139 
Activity 
Normal leaves 
96 
99 
5?a 
These observations support the conclusion that ethanol and methanol 
act to protect the catalatic activity of all three enzyme sources. 
Because propanol and butanol are known not to be efficient catalase 
substrates, their protective value for crystalline catalase was of 
interest. (Table 21). 
Table 21. Activity of crystalline beef liver catalase following 
illumination in the presence of several alcohols 
Solvent Activity 
Water 80 
Methanol (2.0 M) ICO. 
Ethanol (1.3 M) 10U 
Propanol (1.1 M) 97 
Butanol (0.9 M) 77 
The lower molecular weight alcohols give more protection. A 
concentration series (not reported here) was done for these four alcohols 
which indicated all of them had been used at their optimum molarity for 
protection in this experiment. 
The effect of different concentrations of ethanol or methanol on 
catalatic and peroxidatic activity during illumination are described 
graphically in Figures 10 and 11 respectively. While catalase is very 
Figure 10. The effect of various concentrations of ethanol 
on catalatic activity during increasing periods 
of illumination. 
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distinctly protected, peroxidase loses activity at a slightly more rapid 
rate than i/vhen dissolved in water. 
Other known catalase substrates, formate and nitrite, gave little or 
no protection to catalatic activity during illumination over a range of 
concentrations from 1M to 10-%. 
In conclusion, it is noted that low molecular weight alcohols do 
enhance the retention of catalatic activity, but do not fulfill this 
function for peroxidase. 
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DISCUSSION 
The protective value which carotene has for chlorophyll has been 
suggested for half a century and quite fully corroborated experimentally 
in the past five years. A biological system lacking carotene does not, 
in most cases, survive under aerobic conditions. 
This study was initiated to consider the further possibility that 
carotene functions to protect other porphyrin derivatives from photo-
dynamic destruction. A secondary goal was to attempt lowering the 
carotene content of normal green plant tissue to a level that might 
increase the photosensitivity of chlorophyll and other porphyrins. 
The secondary objective was not successfully achieved. Increased 
chlorophyll photosensitivity did not occur when corn plants were grown 
in maleic or isonicotinic hydrazide. The plants grown in isonicotinic 
hydrazide had a reduced carotene content similar to that observed in 
peas by Schopfer et al. (1952), but following exposure to light there 
was not a similar percentage reduction in chlorophyll, suggesting that 
even reduced quantities of carotene would adequately protect all the 
chlorophyll present. Fuller and Anderson (1958) observed a similar effect 
in Chromatium; restoration of a very limited amount of normal pigment 
synthesis was sufficient to cause a marked reduction in aerobic photo­
sensitivity. 
Carotene extraction with petroleum ether was likewise an unfruitful 
technique for enhancing chlorophyll sensitivity. The virtual all or 
none carotene contents possible with known genetic systems did not appear 
to be attainable with these chemicals. 
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The primary emphasis was then given to an evaluation of carotene's 
protective value for two enzymatic porphyrin derivatives, catalase and 
peroxidase, in certain genetic mutants. Having shown that enzymatic 
activity is retained in both carotene-normal corn and carotene-normal 
bacteria, but lost in the carotene-deficient mutant strains, a study of 
the exact mechanism of inactivation was undertaken. The ensuing 
discussion will deal primarily with those systems lacking carotene. 
To represent a range of enzyme sources three biological materials 
were used; White seedling-3 corn, the bacterium Sarcina lutea and 
crystalline enzymes (beef liver catalase and horseradish peroxidase). 
A preliminary series of experiments were done to strengthen the 
hypothesis that the enzymatic inactivation was fundamentally due to 
light. Catalase was not reduced in activity when subjected to tempera­
tures from 0-60° C before assay. The pH of the solution did have a 
distinct effect on the rapidity of inactivation during illumination; 
alkaline conditions speeded the process. This observation of a greater 
OH" concentration increasing enzymatic loss agrees with the observations 
of numerous investigators. Sutton (1956a), Giovanelii and San Pietro 
(1959) and Smith (1961) all suggest the light effect in the system they 
studied was due to oxidation via free 0H~ radicals. It is postulated 
that the pH effect observed here was due to the more alkaline conditions 
allowing a longer term retention of any CH~ groups formed during 
illumination. 
The enzyme concentration during illumination was also important, the 
more dilute solutions undergoing a greater inactivation on a percentage 
basis. At least two possible explanations may be given for this 
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observation. First, at high catalase concentrations, oxygen (or the 0H~ 
free radical) may not be rapidly enough available for maximum photo-
oxidative effects. Secondly, the yellow-brcvm color of catalase itself 
in high concentrations may have a screening effect upon light absorption 
at the light intensities used. 
The wavelengths of light responsible for inactivation corresponded 
to the region of most intense catalase absorption, which is the low I4OO m/u 
region. Colored cellophane papers "which absorbed or transmitted rather 
large segments of the visible spectrum were first used to describe this 
relationship. The response was verified by the use of single wavelength-
transmitting filters. Because the emission spectrum of the sun and 
particularly of mazda lamps is skewed toward the red region, this 
inactivation by blue light is even more pronounced relative to the amount 
of energy available. 
These observations of catalase inactivation by visible light are in 
distinct contrast to Sutton's work (1956a) in which he found the 
inactivation to be caused by ultraviolet and X-ray wavelengths. He did 
work with certain complexing agents during illumination by these wave­
lengths (Sutton, 1956b) and concluded the light effect was on the iron 
center, but says nothing about possible effects on the porphyrin ring. 
However, he did suggest also, as is proposed here, that the oxidizing 
agent is the CH~ free radical. 
All the enzyme systems studied here undergo a photodynamic 
inactivation; that is, they require both visible light and oxygen. 
Using a filter to exclude wavelengths below lj.00 my< and excluding air, 
inactivation of the enzyme catalase was markedly reduced even in the 
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absence of carotene. However, filtering out light below LOO m^ u and 
admitting air allowed complete inactivation. 
The catalase in com did not require nearly as thorough a reduction 
of the oxygen partial pressure to prevent enzymatic inactivation as did 
the bacterial cells and crystalline catalase, but all three could be 
protected if the anaerobiosis were rigprous enough. It was first thought 
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the lesser sensitivity of corn catalase to oxygen might be due to the 
coincident retention of chlorophyll under lowered oxygen conditions. 
However, experiments with a mutant incapable of forming either carotene 
or chlorophyll in significant amounts demonstrated this not to be true, 
for it, too, did not require complete oxygen removal for catalase 
protection. Chlorophyll's presence or absence was not a determining 
factor in catalatic loss, but the presence of carotene appeared necessary 
in aerobic systems for the retention of either catalase or chlorophyll. 
The inactivation process occurred simultaneously during illumination 
with a reduction in absorption by the porphyrin peak at I4.05 m/* in both 
catalase and peroxidase. Lemberg and Legge (19U9) report a related 
response during biological activity of catalase, in -which catalase 
in the presence of and ascorbate decreased in activity. They cite 
evidence of increasing quantities (within limits) of an open chain 
compound, billverdin, following this reaction. There is the further 
suggestion by these authors that verdohemochrome may be an intermediate, 
partially oxidized member of this chain of reactions. These observations 
plus the indication that the process is an oxidative one enhanced by CH~ 
free radicals, served as the basis for the following postulate of 
inactivation. 
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It is proposed that inactivation occurs as a result of breakage in 
the great ring of one of the four porphyrins in a catalase molecule or 
the porphyrin ring in peroxidase. Lemberg and Legge (19i;9) suggest such 
a breakage may occur by the addition of oxygen to a double bond between 
one methene bridge and a pyrrole nucleus. Throughout these experiments, 
peroxidase was observed to be much less photolabile than catalase. It 
is further proposed this is due to the more complex structure of 
catalase. One catalase molecule, containing four porphyrins, may require 
that all four be intact for biological activity to occur. It was possible 
to calculate a theoretical activity loss curve from this hypothesis and 
the actual catalase activity loss corresponds quite closely to the 
theoretical one. Peroxidase, conversely, would lose only one unit 
activity for each breakage and would therefore require roughly four 
times as many porphyrin rings be broken to give the same percentage 
reduction of biological activity. The absorption spectra decreases for 
both enzymes appear to support this view. 
Two other possible causes for inactivation, reduction of the iron 
in the porphyrin and cleavage of the protein from the porphyrin, did 
not appear to be functioning here. 
Low molecular weight alcohols, as well as formate and nitrite, have 
been previously shown to be oxidizable by catalase and peroxidase 
(Keilin and Hartree, 1955). Ethanol and methanol were observed here to 
also serve a protective function for catalatic activity during 
illumination. However, butanol and propanol, as well as formate and 
nitrite, did not act in this manner. 
The reason for the protective action of methanol and ethanol is not 
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fully understood. It is proposed, however, that when catalase is in the 
presence of a substrate for which it has a high affinity, the critical 
enzymatic sites are not subject to oxidation. Perhaps the alcohols have 
been only partially oxidized, possibly to aldehydes, and the OH" free 
radicals further oxidize them to acids rather than acting on the porphyrin 
ring. 
Peroxidase received no such protective benefit from either methanol 
or ethanol, presumably because of the known lower affinity it has for 
these alcohols. 
There apparently are many photosensitizers in plants and the amazing 
phenomena is that pigment systems are at all stable to light. Chlorophyll 
is an extremely active ph ot o s ensi ti zer 5 however, in plastids it is quite 
stable if the normal complement of carotenoids is present. In the 
present study it was demonstrated that catalase also is an active 
photosensitizer for its own destruction. It was not proven definitely 
if the presence of carotenoids decreased the rate of inactivation of 
catalase by screening light absorbed by catalase or by participating 
chemically in some manner so as to protect catalase from photodestruction. 
The latter case appears to be most probable in the protective effect 
which carotenoids have in preventing the photodestruction of chlorophyll. 
Adequate biological tools were not available for differentiating these 
two alternatives in this stucfcr. It could be pointed out that approximately 
80 percent of the catalase of leaves is located in the chloroplast, which 
mig£vb indicate the close proximity of catalase and carotenoids. On the 
other hand, there is some catalase outside of the chloroplast. Presumably 
the only way that this catalase could be protected from photodestruction 
67 
would be via screening effects by large amounts of other pigments with 
similar absorption spectra to that of catalase. Chlorophylls and 
carotenoids exhibit this property. 
This study suggests the survival value of carotenoids in air­
borne bacterial and fungal cells and in such other air-borne cells as the 
pollen grains. It is commonly observed that any cells normally exposed 
to sunlight contain carotenoids or other pigments such as melanins. 
Without pigmentation, catalase and peroxidase and presumably other 
porphyrins such as the cytochromes would be destroyed and cell death 
would result. 
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SUMMARY AND CONCLUSIONS 
A series of experiments were conducted to consider the following 
three aspects of porphyrin photochemistry in biological systems. (1) 
The possibility of decreasing the carotene content of plants by inhibition 
of carotene biosynthesis and by differential solvent extraction of the 
carotene of chloroplasts, thus increasing the photosensitivity of their 
porphyrin-derivatives, particularly catalase and chlorophyll. (2) The 
postulated protection which carotene has for porphyrin compounds, 
especially catalase and peroxidase. (3) An explanation of the nature 
of the photooxidative inactivation of catalase and peroxidase and the 
protective effect certain catalase substrates have for catalatic activity 
during illumination. 
Attempts to reduce carotene by inhibitors or extraction to a level 
that would increase photosensitivity of chlorophyll were unsuccessful. 
Three enzyme sources were used5 corn, bacterial cells and 
crystalline catalase and peroxidase. All three reacted similarly in the 
following experiments. The Sarcina lutea cells and the com used were 
represented by carotene-normal strains and their carotene-deficient 
mutants. 
Carotene did protect catalase from ph ot oina ctivati on in normal 
biological systems. Catalase was shown to be quite stable in a temperature 
range from 0 to 60° C, but more sensitive to photoinactivation in an 
alkaline pH. Catalatic activity loss was caused primarily by visible 
light (the Uo5 TnjUL region) and the process was shown to be an oxidative 
one. The loss in biological activity was accompanied by a linear 
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decrease in the optical density at the k0$ peak. It is proposed 
from these observations that deactivation results from a partial or 
complete oxidation of the great ring of the porphyrin by hydroxy! free 
radicals. It is further proposed that catalase is more photolabile than 
peroxidase because it is a much larger molecule, containing four porphyrin 
rings compared to one for peroxidase. Presumably all four rings must be 
intact for catalase to exhibit biological activity. 
Methanol and ethanol, known previously to serve as catalase sub-
trates, functioned to protect enzymatic activity during illumination in 
carotene-free systems. This did not occur with peroxidase. The 
difference may possibly be the higher affinity which catalase has for 
these alcohols. Thus, during illumination, it may either have its 
enzymatic sites bound by them or have oxidized the alcohols partially 
and the hydroxyl free radicals complete this alcohol oxidation, rather 
than acting upon the porphyrin rings. 
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